Homoisoleucine (Hil) serves as an effective surrogate for leucine with respect to protein translation in bacterial cells. Replacement of Leu by Hil stabilizes coiled-coil peptides, as shown by the elevation of the thermal denaturation temperature. The increase in denaturation temperature is larger than that observed previously for replacement of Leu by trifluoroleucine.
We do not mean to suggest similar molecular origins for the hydrophobic properties of hydrocarbons and fluorocarbons. Although Hil and Tfl behave similarly with respect to elevation of the melting temperature of A1, other experiments suggest important differences in the behavior of water adjacent to hydrocarbon and fluorocarbon side chains.
Recent studies via ultrafast spectroscopy indicate a marked slowing of water motions upon replacement of Leu by Tfl at solvent-exposed sites (23) . In contrast, replacement of Leu by Hil is accompanied by increased rates of solvent reorganization. Much remains to be done to elucidate the origins of hydrophobic effects in proteins and other molecular systems.
In conclusion, we find that Hil serves as an effective surrogate for Leu with respect to protein translation in bacterial cells, and that replacement of Leu by Hil leads to substantial stabilization of recombinant coiled-coil peptides. The results reported here also highlight the value of amino acid replacement at multiple sites in peptides and proteins; replacement of a single Leu residue by Hil in T4 lysozyme has been reported to cause an increase of just 1.9 °C in the melting temperature of the protein (5). In contrast, replacement of six Leu residues in the putative coiled-coil domain of A1 raises T m by 17 °C.
Materials and Methods
Materials. All chemicals were purchased from Sigma-Aldrich and used as received unless otherwise noted. Dry solvents were obtained from commercial suppliers and used as received. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was purchased from Gold Biotechnologies; Ni-NTA resin and spin columns were purchased from Qiagen.
Sequencing grade modified trypsin was purchased from Promega; C18 Zip Tips, and Amicon Ultra-4 and Amicon Ultra-15 concentration devices were purchased from Millipore. A BCA assay kit was obtained from Pierce Protein Research Products. The E.
coli expression strain LAM1000 outfitted with the plasmids pA1EL and pREP4 has been described previously (10). Protein purification. At small scales, the cell pellets were thawed, Qiagen buffer B was added as necessary, and the resuspended pellets were incubated at room temperature with gentle agitation for at least 1 hour. The pellets were then subjected to 20-40 minutes of sonication in an immersion sonicator. In some cases, the pellets were frozen again at −80 °C and the above procedure was repeated. The sonicated pellets were then centrifuged for 20-30 minutes at 10000 × g, and the supernatants were saved. The clarified lysates were then subjected to purification using Qiagen Ni-NTA spin columns according to the manufacturer's protocols (2000 Ni-NTA Spin Handbook) or using Ni-NTA agarose according to the manufacturer's protocols with slight modifications. When Ni-NTA agarose was used, Qiagen buffer C was supplemented with 50 mM imidazole, and Qiagen buffer E was supplemented with 250 mM imidazole.
At large scales, the cell pellets were resuspended in Qiagen buffer B and subjected to sonication using a microtip on a Misonix Sonicator 3000. The total sonication process time was 10 minutes, with 5 second sonication pulses and 5 second wait periods. The pellets were then frozen again at −80 °C and subjected to a second round of sonication. The lysates were clarified by centrifugation at approximately 75000 × g for 10 minutes at 25 °C. The clarified lysate was then subjected to purification using Ni-NTA agarose with buffers as described above.
Peptide mass spectrometry. Small (1-3 µL) samples of Leu-A1 and Hil-A1 eluents from the purifications were diluted 50-to 100-fold into sodium bicarbonate (50 mM, pH 7.8) and digested overnight by treatment with sequencing grade modified trypsin (5 µL) at 37 °C.
Portions of these samples were desalted using C18 Zip Tips according to the manufacturer's instructions with one slight modification. Prior to column equilibration in 0.1% trifluoroacetic acid, columns were wetted with a 50/50 mixture of 0.1% trifluoroacetic acid and acetonitrile. The cleaned samples were then analyzed using matrixassisted laser desorption ionization (MALDI) mass spectrometry on an Applied Biosystems Voyager DE Pro instrument at the mass spectrometry facility of the Caltech Division of Chemistry and Chemical Engineering. All peptide masses were found to lie within the mass ranges of manufacturer-specified instrument tolerances. See figure 2.3 for typical results.
For quantitative analysis, the remainders of the trypsinized samples (not desalted) were submitted to the Protein and Peptide Mass Analytical Laboratory (PPMAL) of the Beckman Institute at Caltech for liquid chromatography tandem mass spectrometry (LC/MS/MS) analysis. The samples were separated on a 6 cm long, 100 µm diameter C18 column using an Eksigent NanoLC-2D and then immediately injected into an Applied Biosystems QStar XL tandem mass spectrometer. Time-resolved data were analyzed using Analyst QS software provided by Applied Biosystems. Amino acid replacement levels were determined by using information contained within extracted ion currents (XIC) of trypsin-digested protein samples. Peaks corresponding to peptides globally substituted with Hil were identified along with peaks corresponding to peptides substituted at only a fraction of the Leu positions. Assuming that substitution of Hil in place of Leu is a random event, the ratio of the peak areas yields the quantitative replacement level in a given sample. A full description of the method is provided below. Where possible, fragmentation of abundant peptide ions was used to confirm the sequences of substituted peptides.
Determination of amino acid replacement levels. Liquid chromatography tandem mass spectrometry (LC/MS/MS) was used to quantitate the Hil replacement levels in purified A1 protein samples. the distribution of peak areas should follow the binomial distribution,
138 a given site, and the three terms in the polynomial represent non-, singly-, and doublysubstituted peptides. The polynomial also has the property
2)
The ratios of the areas of two substituted peaks are more relevant in this particular case because the total area A cannot be determined from the available experimental data. The experimentally accessible peak area ratio of singly to doubly substituted peaks is
which can be defined as X. Rearranging equation (2.2) yields the identity
Solving for p yields the two roots
. (2.6) Substituting the peak area ratio for X in the nonzero root yields the substitution rate.
The above analysis was used to determine the substitution of Hil in place of Leu in the peptides SLEDEAAELEQK and GSHHHHHHGSMASGDLENEVAQLER. A simpler calculation was also made to determine the incorporation of Hil based on the peptide AEIGDLNNTSGIR, which contains one leucine residue (The value p can be determined from the ratio of the XIC area of the substituted peptide to the sum of the substituted and unsubstituted peptide areas). When the XIC contained multiple peaks (often the case when searching for peptides of lower abundance), the areas of the clearly distinguishable peaks (generally having areas of 10 or more) were summed in order to ensure a conservative estimate of amino acid incorporation levels. The identities of the peptides in the SLEDEAAELEQK series were confirmed by tandem mass spectrometry. Two samples of Hil-A1 produced independently were analyzed to obtain the substitution levels summarized in table 2.3.
Protein characterization. To determine protein yields, portions of Leu-A1 and Hil-A1
produced at small scale and purified using Ni-NTA agarose resin were buffer exchanged into acetate buffer (100 mM NaCl, 10 mM sodium acetate, pH 4.0) using Amicon Ultra-4 concentration devices with a 3000 Da molecular weight cutoff. The concentrations of the exchanged samples were determined with a BCA assay kit.
Circular dichroism samples were prepared by dialyzing protein samples in Qiagen buffer E (containing 250 mM imidazole) against phosphate-buffered saline, pH 7.4.
Concentrations were again determined using the BCA assay, but prior to performing the assay, samples were heated to 42 °C for approximately 20 minutes in order to ensure that samples were fully dissolved. Samples were adjusted to 10 µM by concentration with Amicon Ultra-15 concentration devices (molecular weight cutoff = 3000 Da) as necessary and dilution in fresh PBS. Circular dichroism spectroscopy was performed on an Aviv 62DS spectropolarimeter in a 1 mm path length cell. All samples were heated to 42 °C and cooled on ice prior to measurement. Each experiment consisted of a wavelength scan performed at 1 °C followed by a temperature scan from 0 °C to 94.5 °C in 1.5 °C intervals with signal monitoring at 222 nm. During the temperature scans, the sample was allowed to equilibrate for one minute prior to performing readings at each temperature step. All data was referenced to background scans of PBS buffer acquired under identical conditions.
Wavelength scans were analyzed using K2D2 (20) , and temperature scans were analyzed using a Matlab implementation of a model for coiled-coil unfolding described previously (22) . and processed with NUTS NMR software. NMR spectra were referenced to internal standards; proton spectra were referenced to tetramethylsilane and carbon spectra were referenced to solvent peaks. FAB mass spectrometry was performed at the Caltech Division of Chemistry and Chemical Engineering Mass Spectrometry Facility.
ATP-PP i exchange assays. E. coli
The following procedure was adapted from O'Donnell and Eckrich (25):
aminoacetonitrile benzophenone imine (1.21 g, 5.5 mmol), benzyltriethylammonium chloride (0.1 g, 0.4 mmol), 50% aq NaOH (0.75 mL, 14 mmol) and toluene (1 mL) were combined in a 10 mL round bottom flask which contained a magnetic stir bar. The flask was chilled in an ice-water bath and stirred vigorously (~1200 rpm). (S)-2-methyl bromobutane (1.15 g, 0.94 mL, 7.6 mmol, 1.4 eq) was added portion-wise via syringe over 1 hour to the stirred solution. The reaction mixture was stirred for an additional 2 hours at 0 °C and then allowed to come to room temperature. Stirring was continued at room 142 temperature for 96 hours. The reaction mixture was transferred to a separatory funnel and diluted with H 2 O (20 mL) and CH 2 Cl 2 (40 mL). The aqueous layer was washed 3 times with CH 2 Cl 2 (10 mL × 3) and the combined organic layers were washed 3 times with H 2 O (10 mL × 3) and once with saturated NaCl (10 mL). The organic layers were dried over Na 2 SO 4 and filtered, and the solvent was removed to yield a yellow oil (1.80 g).
Purification by silica chromatography (eluting with 6% ethyl acetate in hexanes; R f 0. [a] Not determined due to insufficient signal of unsubstituted ion.
